Introduction
Viroids are the smallest plant RNA pathogen with genomes ranging in size from 246 to 401 nucleotides (nt) (Rocheleau and Pelchat, 2006) . Viroids are non-protein-coding RNAs that require a host encoded RNA polymerase for their replication. Most viroids replicate in the nucleus of the infected plant cell, however members of the Avsunviroidae family replicate exclusively in chloroplasts (Flores et al., 2005) . Viroids infect and induce disease symptoms in a variety of plants, including some important horticultural crop species that are normally propagated clonally (Daròs et al., 2006) . Each viroid species is usually comprised of multiple sequence variants within its natural population and such variants often induce different levels of disease symptom severity upon infection (Góra-Sochacka et al., 1997; 2001; Hammond, 1992; Nie, 2012; Wassenegger et al., 1996) . However, the mechanism by which viroids induce disease symptom development upon infection remains poorly understood.
RNA silencing is a sequence-specific RNA degradation process directed by 21-24 nt small RNAs (sRNAs) processed by Dicer-like (DCL) endonucleases from double-stranded RNA (dsRNA) or selfcomplementary hairpin RNA (hpRNA) structures (Baumberger and Baulcombe, 2005; Brodersen and Vionnet, 2006; Gregory et al., 2005) . The diced sRNAs are loaded onto an Argonaute (AGO) protein that forms the catalytic core of RNA-induced silencing complex (RISC). AGO-loaded sRNAs are used as guides by RISC to bind to and subsequently degrade cognate single-stranded RNAs, and in plants this is predominantly via an AGO-mediated RNA cleavage-based mechanism of RNA silencing (Baumberger and Baulcombe, 2005; Liu et al., 2007; Rand et al., 2005) .
Like all plant viruses and subviral agents, viroid replication is associated with the accumulation of abundant small-interfering RNAs (siRNAs), derived from the whole viroid genome Diermann et al., 2010; Itaya et al., 2007; Li et al., 2012; Navarro et al., 2009) . We have previously shown that expression of a hpRNA transgene, encoding a near full length sequence of the severe Potato spindle tuber viroid (PSTVd) strain RG1 (PSTVd-RG1), Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/yviro Virology induced PSTVd disease symptom-like phenotypes in tomato (Wang et al., 2004) . This study led us to propose that siRNAs derived from PSTVd may have sequence complementarity to a host gene(s), thereby directing RNA silencing of the targeted host gene(s), leading to disease symptom development. Such a host gene RNA silencing-directed disease model has recently been demonstrated for the albinism phenotype displayed by peach (Prunus persica) plants infected with Peach latent mosaic viroid (PLMVd) (Navarro et al., 2012) , and the yellowing symptoms in Nicotiana species induced by another subviral RNA, the Cucumber mosaic virus Y-Satellite RNA (Shimura et al., 2011; Smith et al., 2011) . A 30 nt sequence of the 359 nt PSTVd genome, termed the pathogenicity domain or virulence modulating region (VMR), is essential for disease symptom development in PSTVd infected plants (Keese and Symons, 1985) . The VMR is located in the upstream half of the rod-like structured PSTVd RNA, and sequence variation within this region among PSTVd variants is often associated with dramatic differences in PSTVd disease symptom severity (Góra-Sochacka et al., 1997; 2001; Hammond, 1992; Nie, 2012; Wassenegger et al., 1996) . This observation suggests that VMR-derived siRNAs are potentially directing RNA silencing of a host target gene(s). However, to date, no causative sRNA or complementary host target gene have been identified to support the sRNA-directed PSTVd disease model.
We developed a series of artificial microRNA (amiRNA) plant expression vectors to assess whether sRNAs derived from either the VMR or its flanking genomic sequences could induce PSTVd disease symptom-like phenotypes in two Nicotiana species of the Solanaceae family, Nicotiana tabacum and Nicotiana benthamiana.
Here we report that one amiRNA vector, the amiR46 vector, from which a 21 nt amiRNA sRNA is generated corresponding to nts 46-66 of the PSTVd genome, lying within the VMR, induced expression of phenotypes in transformed Nicotiana plant lines that closely resemble those displayed by PSTVd infected plants. Transformed Nicotiana plants expressing either the amiR24 or amiR71 vectors, that generate amiRNAs corresponding to PSTVd-RG1 genomic sequences immediately flanking the VMR, failed to develop any phenotypes. Bioinformatic interrogation of publically available N. tabacum and N. benthamiana transcriptome datasets identified a Nicotiana soluble inorganic pyrophosphatase (siPPase) transcript harbouring a partially complementary amiR46 target sequence. Molecular analyses revealed that the severity of the expressed phenotype strongly correlated with amiR46 accumulation and RNA silencing of the putative N. tabacum target gene Nt. siPPase. Taken together, the molecular and phenotypic data presented here suggests that the phenotypes expressed by N. tabacum amiR46 plants, phenotypes that closely resemble those displayed by PSTVd infected plants, result from sRNA-directed RNA silencing of the host gene Nt. siPPase. These findings also add weight to the sRNA-directed host gene RNA silencing model for disease symptom development in other PSTVd infected plant species.
Results

Expression of PSTVd VMR-specific artificial miRNAs induce phenotypes in N. tabacum plants
Six PSTVd-specific amiRNA plant expression vectors were generated using the pBlueGreen amiRNA cassette that is based on the A. thaliana MIR159B precursor transcript ( Fig. 1A) (Eamens et al., 2009; . Four of the six amiRNA vectors were designed to generate a mature 21 nt amiRNA sRNA that largely (amiR45) or fully (amiR46, amiR47, amiR50) corresponded to VMR sequences ( Fig. 1B) , starting at nt positions 45, 46, 47 and 50 of the PSTVd-RG1 genome respectively (Fig. 1C) .
The amiR24 and amiR71 vectors were designed to generate mature amiRNAs corresponding to upstream and downstream genomic sequences respectively that immediately flank the PSTVd-RG1 VMR (Fig. 1C ). These two amiRNA vectors were included in this study as negative controls for the proposed PSTVd VMR sRNA-directed disease model. All six amiRNA plant expression vectors were used to transform N. tabacum and N. benthamiana plants via A. tumefaciens (Agrobacterium)-mediated transformation (Ellis et al., 1987) . Table 1 lists the number of primary (T0) N. tabacum and N. benthamiana transformants randomly selected for further phenotypic analysis of the six PSTVd amiRNA plant expression vectors.
In N. tabacum transformants, amiR24, amiR45, amiR47 and amiR71 expressing plants all displayed wild-type (WT)-like phenotypes. Six of the 14 amiR50 N. tabacum plants displayed elongated leaves with mild discolouration (yellowing) during early vegetative development ( Figure S1A ), suggesting that the amiR50 sRNA was potentially targeting a tobacco gene(s) for amiRNA-directed RNA silencing. However, this phenotypic abnormality disappeared as plants matured, displaying WT-like phenotypes during the later reproductive stage of development ( Figure S1B ). Fig. 2 clearly shows that in contrast to N. tabacum plants transformed with amiR24, amiR45, amiR47, amiR50 and amiR71 vectors, all 23 plants expressing the amiR46 vector displayed a distinct phenotype. During the rooting stage of Agrobacterium-mediated transformation, amiR46 N. tabacum plants developed significantly fewer roots than plants expressing either control vector or the three other VMR-specific amiRNAs ( Fig. 2A ). During vegetative growth, 20 of the 23 primary N. tabacum amiR46 transformants had a short stature with multiple shoots (Fig. 2B ). The majority of N. tabacum amiR46 phenotype-expressing plants also developed elongated leaves that were discoloured (Figs. 2B and 4A). The vegetative phenotypic abnormalities of N. tabacum amiR46 transformants resemble the stunting, bushiness and leaf discolouration symptoms previously associated with PSTVd infection of tomato (Schnölzer et al., 1985) , or for tomato plants transformed with a PSTVd-RG1 hpRNA transgene (Wang et al., 2004) . At the reproductive stage, all amiR46 plants had low fertility, primarily due to the development of anthers with shortened filaments, but also due to greatly reduced amounts of pollen ( Fig. 2C and data not shown). As a consequence, most seed pods were reduced in size and contained very few seed ( Fig. 2D and data not shown). Manual pollination with anthers from the same flower, or from WT flowers recovered fertility, but the resulting seed pods remained reduced in size compared to N. tabacum plants expressing the other PSTVd amiRNA vectors ( Fig. 2D ).
Expression of PSTVd VMR-specific artificial miRNAs induce phenotypes in N. benthamiana plants As described for N. tabacum plants expressing the PSTVd amiRNA vector series, N. benthamiana primary transformants expressing the amiR24, amiR47 and amiR71 vectors were WT in appearance ( Fig. 3 and data not shown). In addition, all amiR50 expressing N. benthamiana plants displayed a WT-like phenotype (data not shown). However, three of nine amiR45 N. benthamiana plants were reduced in overall size and developed rough-surfaced, mottled leaves ( Figure  S2A , S2B). At the reproductive stage, these three N. benthamiana amiR45 plants developed sterility defects similar to those reported for N. tabacum amiR46 lines (data not shown). Consistent with our observations of N. tabacum amiR46 transformants, all 15 N. benthamiana amiR46 plants displayed a readily observable phenotype (Table 1) , especially at the reproductive stage of plant development. During vegetative growth, N. benthamiana amiR46 plants expressed milder phenotypes than those described for N. tabacum amiR46 transformants, characterised by stunting, bushiness and smaller sized leaves that were mottled (Fig. 3) . The most striking phenotype expressed by N. benthamiana amiR46 plants was during the later stages of plant development. All 15 amiR46 lines had a shorter stature than WT N. benthamiana plants or plants expressing the five other PSTVd amiRNA vectors ( Fig. 3B ). Furthermore, all amiR46 N. benthamiana plants developed the sterility phenotype associated with amiR46 expression in N. tabacum, including shortened anther filaments and seed pods that were reduced in size and that contained only a small number of seeds (data not shown). Numerous attempts to manually pollinate amiR46 plants with anthers from WT N. benthamiana were unsuccessful to indicate that the sterility phenotype associated with in planta expression of the amiR46 vector is more severe in N. benthamiana than in N. tabacum. Our failure to Fig. 1 . The artificial miRNA plant expression vector used to express PSTVd-specific sRNAs. (A) Schematic of the artificial miRNA template vector, pAth-MIR159B, used in this study for PCR-based replacement of endogenous miR159 and miR159 n sequences with amiRNA and amiRNA n sequences specific to, and flanking the PSTVd-RG1 VMR. Primers (pink coloured dashed arrows) are used to replace the endogenous miRNA/miRNA n sequences (light blue coloured boxes) with amiRNA/amiRNA n sequences (pink coloured boxes). PCR products are digested with SapI and directly ligated with the similarly digested pBlueGreen plant expression vector. 35Sp, Cauliflower mosaic virus 35S promoter (light green coloured arrow); PRI-MIR159B, PRE-MIR159B and the PRE-AMIRNA are indicated by dark blue, blue and dark pink coloured boxes respectively; ocsT, octopine synthase terminator (red coloured box). (B) Predicted dsRNA rod-like structure of PSTVd-RG1 with the upper VMR sequence indicated by the solid red coloured line. (C) RNA sequence of the PSTVd-RG1 genome from nt position 21 to 94. The VMR sequence is indicated by red coloured text. The 21 nt sequences of the six PSTVd-specific amiRNAs generated in this study are provided below the PSTVd-RG1 sequence. Non-phenotype causing PSTVd amiRNAs, amiR24, amiR47 and amiR71 are indicated by thin black arrows and black text. Nicotiana species-specific phenotype inducing PSTVd amiRNAs, amiR45 (N. benthamiana) and amiR50 (N. tabacum) are indicated by moderately weighted blue coloured arrows and text. The severe phenotype inducing PSTVd-specific amiR46 sRNA sequence is highlighted in red coloured text and a heavily weighted red arrow. generate T1 seed from N. benthamiana amiR46 plants led to our inability to further characterise this population of amiRNA expressing plants at either the phenotypic or molecular level.
Phenotype severity correlates with amiRNA accumulation in N. tabacum amiR46 plants
Small RNA northern blot hybridisation was performed to assess amiR46 accumulation in four N. tabacum primary transformants. Two plants included in the sRNA accumulation analysis, lines amiR46-14 and amiR46-23, expressed no or mild phenotypes respectively at the vegetative stage of development (these two plants did however develop partial sterility at the reproductive stage), while plants amiR46-20 and amiR46-22 displayed severe phenotypes, including plant stunting and bushiness, and leaf elongation and discolouration (Fig. 4A ). The amiR46 sRNA accumulated to the highest level in the T0 line that expressed the most severe phenotype, plant amiR46-22 ( Fig. 4A and B ). Furthermore, the amiR46 sRNA accumulated to low levels in plant lines amiR46-14 and amiR46-23 ( Fig. 4B ), that displayed no or mild vegetative phenotypes ( Fig. 4A ). Northern blot analysis clearly showed that at the sRNA level, the molecular profile of amiR46 transformants strongly correlated with phenotype severity, that is; the severity of the phenotype expressed by N. tabacum amiR46 plants was dependent on amiR46 sRNA accumulation.
The stunting phenotype displayed by N. tabacum primary transformants is inherited in the T1 generation
We grew five T1 plants from each of the eight T0 transformants that were manually pollinated with either their own pollen, or pollen from WT plants. Surprisingly, the sterility phenotype characterised by shortened anther filaments (Fig. 2C) , and low seed yield displayed by T0 N. tabacum amiR46 plants was largely lost in the T1 generation. Only a small number of T1 plants that germinated from seed collected from manually pollinated flowers retained the sterility phenotype uniformly displayed by the T0 generation. The majority of N. tabacum amiR46 T1 plants were fully fertile, however some plants still developed shortened anther filaments, but this abnormality was not associated with sterility in the T1 generation (data not shown). During vegetative growth, some T1 plants developed leaves that were elongated and discoloured compared to WT N. tabacum ( Figure S3 ). In addition, and in direct contrast to our observations in the T0 generation (Fig. 2) , most T1 plants failed to display the bushiness phenotype, and only developed a single shoot (data not shown). One possible explanation for these phenotypic differences could be that zygotes formed during T0 plant fertilisation, only achievable via manual pollination, may not all be viable due to the detrimental effect of the amiR46 sRNA on N. tabacum development (as reported for non-viable N. benthamiana amiR46 transformant lines). Viable seed may have only been recovered from N. tabacum amiR46 zygotes with repressed amiRNA transgene expression. Consistent with this possibility, T1 plants from primary transformants amiR46-3 and amiR46-16 accumulated a uniformly reduced level of the amiR46 sRNA ( Fig. 5A) . Nonetheless, the stunting phenotype displayed by amiR46 transformants was inherited in the T1 generation ( Fig. 5B ). As shown in Fig. 5C , average plant height of transgene-positive segregants was 536 mm (n¼26), 32% shorter than transgene-negative segregants with an average plant height of 788 mm (n¼14).
amiR46 directs RNA silencing of a Nicotiana soluble inorganic pyrophosphatase
Our results implied that a 21 nt sRNA corresponding to nts 46-66 of the PSTVd-RG1 genome, and within the VMR, was targeting a Nicotiana gene to direct RNA silencing. A bioinformatics approach was used to identify N. tabacum and N. benthamiana transcripts that could be a conserved target of amiR46-directed RNA silencing. The mature 21 nt amiR46 sequence (5 0 -CAAGAAAAGAAAAAAGAAGGC-3 0 ) was used to interrogate publically available N. tabacum and N. benthamiana transcriptome data. A partially complementary 21 nt amiR46 target site in the full length transcript of a conserved soluble inorganic pyrophosphatase (siPPase) gene in both the N. tabacum and N. benthamiana transcriptome datasets was identified ( Fig. 6A ). Northern blotting was initially used to analyse expression of the siPPase target gene in the four T0 N. tabacum amiR46 plants used for sRNA accumulation assessment (Fig. 4 ). An amiR24 and an amiR71 plant (amiR24-10 and amiR71-11), both of which displayed WT-like phenotypes, were included in this analysis as wild-type controls. In comparison to amiR24 and amiR71 controls, Nt. siPPase expression was reduced in all plant lines that displayed either severe (amiR26-20 and amiR46-22) or mild (amiR46-23) phenotypes ( Fig. 6B ). Northern blotting suggested that Nt. siPPase expression remained unchanged in plant line amiR46-14 that displayed an almost WT-like phenotype. A reverse transcriptase quantitative PCR (RT-qPCR) approach was subsequently used to quantify the reduction in Nt. siPPase expression in N. tabacum amiR46 plants. This approach again revealed that Nt. siPPase expression was reduced to the greatest extent in the two amiR46 transformant lines that displayed the most severe phenotypes, namely amiR46-20 and amiR46-22 plants (Fig. 6C ). As demonstrated by northern blotting (Fig. 6B ), RT-qPCR analysis also showed that Nt. siPPase expression was reduced in plant line amiR46-23 that displayed a mild phenotype and remained unchanged in control lines amiR24-10 and amiR71-11. The level of reduction of Nt. siPPase expression ( Fig. 6B and C) also correlated with amiR46 accumulation in the four plant lines assessed by sRNA northern blotting (Fig. 4B) . Taken together, the phenotypic and molecular data presented in Figs. 4 and 6 strongly indicated that the phenotypes expressed by N. tabacum amiR46 plants, phenotypes that closely resemble those of PSTVd infected plants, were a result of amiR46-directed RNA silencing of the targeted host gene, Nt. siPPase.
Discussion
Phenotype expression in amiR46 plants correlates with amiR46directed RNA silencing of a Nicotiana siPPase
Our results demonstrate that expression of a single 21 nt RNA molecule, the amiR46 sRNA, one of six PSTVd-specific amiRNAs assessed in this study induced the expression of phenotypes in transformed Nicotiana plants that closely resemble those displayed by PSTVd infected plants. Phenotype severity correlated with the accumulation of this sRNA in both the T0 and T1 generation of N. tabacum amiR46 transformants. Interestingly, the 5 0 terminal nucleotide of the amiR46 sRNA corresponds to the first nucleotide of the VMR and this nucleotide has been demonstrated to be one of the most variable among PSTVd variants. Furthermore, PSTVd VMR sequence alterations at this position are associated with altered disease symptom severity (Owens et al., 2003; Schmitz and Riesner, 1998) , and a recent study on PSTVd siRNA accumulation in tomato revealed that siRNAs accumulating to the highest frequency correspond to PSTVd VMR sequences (Diermann et al., 2010) . BLAST searching with the amiR46 sRNA sequence against N. tabacum and N. benthamiana transcriptome datasets identified a partially complementary 21 nt target sequence in the full length transcript of a conserved Nicotiana siPPase (Fig. 6A ). Although several mismatched base pairings exist, particularly between the amiR46 sRNA and Nt. siPPase transcript, the 5 0 half of amiR46 forms nine perfectly dsRNA base pairings to the putative target transcript, spanning the predicted amiR46 cleavage site, between nt positions 10 and 11 from the amiRNA 5 0 terminal nucleotide (Fig. 6A ). Recent studies in both plants and animals have indicated that strong sequence complementarity in the 5 0 half of the targeting miRNA (particularly miRNA nts 2-7, termed the seed region for animal miRNAs) and across the miRNA cleavage site (miRNA nts 10-11), are important for efficient miRNA-directed target mRNA cleavage. These studies also showed that mismatched dsRNA base pairings in the 3 0 half the miRNA can be tolerated by RNA silencing machinery proteins (Franco-Zorrilla et al., 2007; Schwab et al., 2005; Schwab et al., 2006) . No other putative target genes with similar, or stronger, sequence complementarity to the amiR46 sRNA were identified by BLAST search analysis of transcriptome data for either Nicotiana species. However, it cannot be excluded that other amiR46 target mRNA(s) exist that are not currently recorded in the available Nicotiana sequence datasets. The phenotypic and molecular data presented in Figs. 4 and 6 demonstrate a strong correlation between phenotype severity, amiR46 accumulation and Nt. siPPase expression down-regulation. The N. benthamiana siPPase transcript exhibits stronger sequence complementarity to the amiR46 sRNA, compared to the Nt. siPPase/ amiR46 duplex, with no mismatches in the 5 0 half of the targeting amiR46 sRNA (Fig. 6A) . Correspondingly, transformation of N. benthamiana with the amiR46 vector induced a more severe phenotype at the reproductive stage of plant development, than observed in N. tabacum amiR46 plants. Taken together, our results strongly suggest that siPPase is a bona fide target of amiR46directed RNA silencing in N. tabacum and N. benthamiana.
The sterility phenotype associated with amiR46 vector expression has not been reported previously for PSTVd infected plants, including either of the Nicotiana species used in this study, or for other PSTVd host members of the Solanaceae family. In common poppy (Papaver rhoeas), a siPPase that is highly expressed in pollen, functions in the self-incompatibility (SI) mechanism of higher plants that prevents inbreeding (Rudd and Franklin-Tong, 2003) . Expression of this pollen-specific siPPase is transiently repressed to inhibit pollen tube elongation if 'self' pollens are recognised by the plant to prevent self-fertilisation (de Graaf et al., 2006) . The sterility phenotype reported here indicates that the amiR46targeted siPPase is biologically functional at the same developmental stage in Nicotiana species. The Arabidopsis MIR159B precursor transcript of the pBlueGreen amiRNA plant expression vector used in this study is driven by the Cauliflower mosaic virus 35S promoter (Fig. 1A) . Following processing, the mature amiR46 sRNA is expected to accumulate to high levels in most plant tissues, including the pollen. The constitutive and ubiquitous accumulation of the amiR46 sRNA, and therefore amiR46directed RNA silencing of siPPase expression, could account for this phenotypic discrepancy between Nicotiana amiR46 transformants, and PSTVd-infected plants, where viroid replication only occurs in a subset of cells (Harders et al., 1989) .
Inorganic pyrophosphatases are highly conserved enzymes across prokaryotes and eukaryotes and generate the thermodynamic driving force for many cellular biosynthetic reactions by catalysing the hydrolysis of inorganic pyrophosphate (PPi) to inorganic orthophosphate (Pi) in a highly exergonic process (de Graaf et al., 2006; du Jardin et al., 1995) . Plant PPases not only play a crucial role in ATP production, but are important for biopolymer synthesis in the construction of new cell walls and membranes, as well as participating in the assimilation of mineral nutrients (Rudd and Franklin-Tong, 2003; George et al., 2010) . Plants have evolved a number of PPases, both as soluble forms in the cytosol and plastid, and as membrane-bound forms associated with specific organelles (Baltscheffsky et al., 1999; Jiang et al., 1997; Vianello and Marcì, 1999) . Young tobacco plants overexpressing an E. coli siPPase displayed stunted growth and developed leaves that were thicker, discoloured and reduced in size compared to those of WT tobacco. However, as these plants matured they become largely WT in appearance. In addition, potato plants overexpressing the same E. coli siPPase also displayed stunting and bushiness, and developed small sized leaves that were discoloured (Sonnewald, 1992) . Curiously, George et al. (2010) reported similar phenotypic consequences in N. benthamiana plants where siPPase activity had been transiently repressed via the expression of a siPPase- targeting viral-induced gene silencing plant expression vector. The phenotypes expressed by plants where siPPase activity is altered via a transgene approach, are similar to those reported here for N. tabacum and N. benthamiana amiR46-expressing plants. Plant cells are highly rich in PPi, and maintaining PPi levels via its conversion to Pi is essential to prevent the inhibition of thermodynamically unfavourable reactions (Geigenberger et al., 1998; López-Marqués et al., 2004) . The expression of similar phenotypic consequences, resulting from either promoting or repressing siPPase activity, a modification that would force the PPi/Pi ratio in opposite, yet equally unfavourable directions, suggests that maintaining PPi/Pi equilibrium is essential for viable plant growth and development.
Nicotiana plants expressing the amiR45 and amiR50 vectors displayed mild, development stage-specific phenotypes N. tabacum amiR50 and N. benthamiana amiR45 primary transformants displayed mild development stage-specific phenotypes compared to the uniform and severe phenotypes expressed by amiR46 Nicotiana plants. During early vegetative development, 6 out of 14 N. tabacum amiR50 primary transformants developed elongated leaves with some yellowing (Figure S1A ), however as these plants matured and entered reproductive development they were indistinguishable from wild-type tobacco ( Figure S1B ). Comparison of amiR50 with the 21 nt Nt. siPPase target sequence reveals 14 nts of perfect complementarity ( Figure S1C ). However, the predicted sRNA/target mRNA duplex has much weaker thermodynamic stability (ΔG ¼ À9.96) than that of the amiR46/Nt. siPPase duplex (ΔG ¼ À14.78), due to much weaker base pairing in the 3 0 half of the amiR50 sRNA. Interrogation of N. tabacum transcriptome data with the 21 nt amiR50 sRNA sequence (5 0 -AAAAGAAAAAAGAAGGCGGCU-3 0 ) failed to identify any other putative targets of amiR50-directed RNA silencing. Therefore, the mild phenotypes displayed by amiR50 plants were likely a result of . A picture of the ethidium bromide stained agarose gel is provided as the high molecular weight RNA loading control. Non-phenotype expressing lines, amiR21-10 and aniR71-11, were included in this analysis as negative controls for amiR46-directed RNA silencing of Nt. siPPase. (C) RT-qPCR analysis of Nt. siPPase expression in N. tabacum amiR46 primary transformants and wild-type phenotype control lines, amiR24-10 and amiR71-11. The expression of the amiR46 target gene, siPPase was normalised against the internal reference gene Nt. EF1α and error bars represent the standard error of the mean (SEM) between three technical replicates. low degree RNA silencing of Nt. siPPase. BLAST searching for N. benthamiana transcripts complementary to the amiR50 sRNA identified two putative target genes ( Figure S1D ). However, we did not proceed further with target gene expression analyses of N. tabacum amiR50 plants as we failed to bioinformatically identify N. tabacum homologues for either putative target.
The three N. benthamiana amiR45 primary transformant lines that expressed vegetative phenotypes, including reduced stature and leaves with rough-surfaces and mottling, also developed sterility defects comparable to those of amiR46 plants. Consistent with the occurrence of abnormal phenotypes, the amiR45 sRNA (5 0 -ACAAGAAAAGAAAAAAGAAGG-3 0 ), has a similar level of sequence complementarity to the Nb. siPPase sequence as the amiR46 sRNA. The relatively weak phenotypes caused by the expression of amiR45 in comparison to the severe phenotypeinducing amiR46 could either be due to the different 5 0 terminal nucleotide (an A residue in amiR45 and a C residue in amiR46), resulting in altered AGO protein loading efficiency, or the presence of a 5 0 A:G mismatch in the amiR45/Nb. siPPase duplex. Unlike the N. benthamiana target transcript, amiR45 has low sequence complementarity to the Nt. siPPase target transcript with three consecutive mismatches at its 5 0 terminus ( Figure S2D ), and correspondingly, N. tabacum amiR45 plants did not display any observable phenotypes.
The amiR47 sRNA did not induce phenotype expression in either Nicotiana species, despite being highly similar at the nucleotide level to amiR46 (Fig. 1C) . However, the predicted duplex formed between amiR47 and the Nt. siPPase target sequence contains a mismatch at amiRNA position 11, the predicted cleavage position for amiR47 ( Figure S4A) . A mismatch at this position is likely to prevent efficient siPPase silencing, via a target gene mRNA cleavage mode of RNA silencing, by the amiR47 sRNA. The duplex formed between the amiR47 sRNA and Nb. siPPase target sequence has weaker 3 0 binding than the amiR46/Nb. siPPase duplex which would result in reduced silencing efficiency. Furthermore, an alternate 5 0 terminal nucleotide in the amiR47 sRNA, compared to amiR46, could also contribute to reduced amiR47 silencing efficiency, and lack of phenotype expression in Nicotiana amiR47 transformants. In addition to amiR47 plants, Nicotiana transformants expressing amiRNAs corresponding to VMR flanking sequences, amiR24 (5 0 -UGGUUCACACCUGACCUC-CUG-3 0 ) and amiR71 (5 0 -CGGAGGAGCGCUUCAGGGAUC-3 0 ), did not display any observable phenotypes. BLAST searching of Nicotiana transcriptome data with these two 21 nt sequences failed to identify any putative target transcripts (data not shown), suggesting that neither sRNA was targeting a Nicotiana gene product for RNA silencing. Taken together, the severity of the developmental phenotype expressed by amiR46 plants, and to a lesser degree those displayed by N. tabacum amiR50 and N. benthamiana amiR45 plants, could be attributed to the sequence complementarity between individual amiRNA sRNAs and the Nicotiana siPPase target transcript. Thus our data strongly suggests that amiRNA-directed RNA silencing of siPPase is responsible for the phenotypes expressed by transformed Nicotiana plants.
Conclusions
The phenotypes displayed by amiR46 Nicotiana plants are similar to the disease symptoms induced by PSTVd infection of tomato (Schnölzer et al., 1985) , or to those displayed by tomato plants expressing a hpRNA transgene encoding a near full length sequence of the severe PSTVd-RG1 strain (Wang et al., 2004) . The molecular analyses presented here indicate that in N. tabacum, the expression of phenotypes that closely resemble those displayed by PSTVd infected or PSTVd-RG1 hpRNA expressing plants, is a result of sRNA-directed RNA silencing of the host gene, Nt. siPPase.
Furthermore, a higher degree of complementarity between the causative sRNA, amiR46, that corresponds to the first nt of the VMR of PSTVd-RG1, and the N. benthamiana target gene, Nb. siPPase, suggested that the more severe sterility phenotype expressed by N. benthamiana amiR46 plants was a direct result of a more stable interaction between the amiR46 sRNA and the targeted host gene Nb. siPPase transcript. However, to date, we have not been able to identify a corresponding tomato or potato siPPase that also houses an amiR46 target sequence from our bioinformatic searches of available transcriptome data for either of these natural PSTVd host species. In addition, a siPPase was not among transcripts with repressed expression upon PSTVd infection of tomato (Wassenegger et al., unpublished) . Therefore, in tomato and other natural host species, PSTVd-RG1 may induce disease symptom expression by targeting a different host gene for sRNA-directed RNA silencing. N. benthamiana has been widely used as an experimental model for PSTVd infection and the results presented here greatly advance our sRNA-directed PSTVd disease model, that is; a sRNA derived from the VMR of PSTVd targets a host gene for RNA silencing resulting in PSTVd disease symptomlike phenotype expression.
Materials and methods
Construction of PSTVd-specific amiRNA plant expression vectors
The steps involved in the construction of the template vector, pAth-MIR159B, and the plant expression vector pBlueGreen have been described previously (Eamens et al., 2009; . To generate the series of PSTVdspecific amiRNA plant expression vectors, the endogenous miR159 and miR159 n sequences of the Arabidopsis thaliana (Arabidopsis) MIR159B precursor transcript (PRI-MIR159B) were replaced with amiRNA and amiRNA n sequences by a standard PCR approach, using the pAth-MIR159B vector template and forward and reverse primer pairs listed in Table S1 . The resulting amplicons were directly digested with the restriction endonuclease, SapI (SapI restriction sequences are included at the 5 0 termini of forward and reverse amiRNA primers), and these restriction fragments were directly ligated with the similarly digested plant expression vector, pBlueGreen.
Plant transformation and growth
Artificial miRNA vectors that contained the modified amiRNA precursor transcript (PRI-AMIRNA) in the desired 5 0 -3 0 orientation were introduced into Agrobacterium tumefaciens (Agrobacterium) strain AGL1 via electroporation in the presence of the helper plasmid pSoup (Hellens et al., 2000) . Agrobacterium-mediated transformation of N. tabacum and N. benthamiana was conducted as previously described (Ellis et al., 1987) , using 10 mg/L phosphinothricin as the selective agent. Primary transformant lines were transferred to soil and grown in a 25 1C glasshouse under natural light. A standard PCR approach was used to identify transgene positive (þ ) and negative (À ) segregants in the N. tabacum amiR46 T1 generation with primers, p35SP-F2 and p35SP-R1 (Table S1 ).
RNA analysis
Total RNA was extracted from leaf tissue sampled from N. tabacum plants expressing the amiRNA vectors using TRIzol Reagent (Invitrogen) according to the manufacturer 0 s instructions with slight modifications as outlined in Smith and Eamens (2012) .
For sRNA assessment, 20 μg of total RNA was loaded onto 15% denaturing (10 M urea) polyacrylamide gels to separate the sRNA fraction from high molecular weight species by electrophoresis.
The sRNA fraction was transferred to HyBond-N þ membrane (Amersham) by electroblotting and UV-crosslinking. DNA oligonucleotide probes specific for either the endogenous or artificial sRNAs assessed in this study were 3 0 end-labelled using Terminal deoxynucleotidyl transferase and α-32 P CTP. The sequence of each DNA oligonucleotide probe used in this study is listed in Table S2 .
For Nt. siPPase expression analysis, a standard high molecular weight northern blotting approach was used as described previously (Smith et al., 2010) . In brief, primers pNtsiPPase-F1 and pNtsiPPase-R1 (Table S1 ) were used to amplify a 379 bp PCR product that was subsequently cloned into the pGEM-T Easy cloning vector (Promega) to produce pGEM-T:Nt-siPPase. The pGEM-T:Nt-siPPase plasmid was digested with restriction endonuclease NcoI and the desired Nt. siPPase restriction fragment containing the SP6 transcription initiation site gel purified. The gel purified fragment was used to transcribe a Nt. siPPase-specific riboprobe with SP6 RNA polymerase and α-32 P UTP.
The expression of Nt. siPPase was quantified in amiR46 lines amiR46-14, amiR46-20, amiR46-22 and amiR46-23 and negative control plants amiR24-10 and amiR71-11 by reverse transcriptase quantitative PCR (RT-qPCR) as outlined previously with slight modifications. In brief, a 20 μg aliquot of the same total RNA extraction used for northern blotting was digested with RQ1 RNase-free DNase (Promega), and subsequently purified via standard phenol-chloroform extraction and precipitation with ethanol. Treated RNA (8 μg) was used for first strand cDNA synthesis with SuperScript III reverse transcriptase (Invitrogen) and Oligo (dT) 23 according to the manufacturer 0 s instructions in a 50 μL reaction. First strand cDNAs were diluted to 500 μL and 5 μL of these dilutions were used as templates in 20 μL RT-qPCR reactions, and each experiment was repeated three times. The N. tabacum gene Elongation factor 1α (EF1α) was used as the internal reference gene for Nt. siPPase normalisation. Primer pairs, pNtsiPPase-RTF and pNtsiPPase-RTR and pNtEF1-RTF and pNtEF1-RTR, were used to amplify Nt. siPPase and Nt. EF1α respectively and are listed in Table S1 .
Bioinformatic analysis
The 21 nt sequences corresponding to mature sRNAs processed from the six PSTVd-specific amiRNA plant expression vectors developed in this study were used to interrogate publically available transcriptome datasets specific to N. tabacum and N. benthamiana via the use of each dataset 0 s Basic Local Alignment Search Tool (BLAST) function. Publically available datasets that were BLAST searched for putative PSTVd-specific amiRNA target sequences include; National Centre for Biotechnological Information (http://blast.ncbi.nlm.nih.gov/), PlantGDB (http://www. plantgdb.org/), Sol Genomics Network (http://solgenomics.net/), and The University of Sydney N. benthamiana genome project (http://sydney.edu.au/science/molecular_bioscience/sites/benthami ana/index.php) (Nakasugi et al., 2013) . The free energy, represented as a delta G (ΔG) value, of each amiRNA sRNA, bioinformatically identified target gene mRNA duplex, was determined using the publically available software, RNAfold (http://rna.tbi.univie.ac.at/ cgi-bin/RNAfold.cgi).
